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GoniophotometryA large fraction of the daylight incident on building-integrated photovoltaic (BIPV) laminates is diffuse
irradiance. In this study, fabrics of various weaves were used to simulate combinations of direct and dif-
fuse irradiance on façade-mounted PV. The scattering of light achieved with the fabrics at varying angles
of incidence was measured with a goniophotometer. The transmittance distribution was used to quantify
the percentage of diffusion created by the fabrics. A photovoltaic (PV) laminate was shaded with the fab-
rics to simulate diffuse irradiance and the short circuit current of the module was measured. The exper-
imental results indicate fabrics of different porosity can be used to simulate various combinations of
direct and diffuse irradiance. However, these fabrics can affect the module output. Preliminary results
show that the proximity of the fabric to the thin-film PV laminate during the test skews the measured
electrical parameters.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction previously to characterise modules indoors in an earlier study [8]Thin-film photovoltaic (PV) modules are integrated into the
façade to balance electrical power generation and daylighting
requirements [1,2]. Installing transparent thin-film PV laminates
instead of glass in the façade offsets the initial cost as an extra layer
of glass may not be required [3]. This factor can be an incentive for
builders to use thin-film PV in various architectural designs. For a
significant percentage of these vertically façade-mounted modules,
the incident irradiance is diffuse. It is important to characterise
these modules under simulated conditions of diffuse irradiance
in the laboratory and understand the effect of this diffuse irradi-
ance on the thin-film solar cells.
The origin of the diffuse light that is reaching the solar cells is
either (a) scattering structures in the module top sheet or (b) dif-
fuse irradiance incident on the modules. Diffuse irradiance is
defined as the portion of the sunlight that does not arrive at the
surface of interest in a straight line from the sun [4]. Diffuse illumi-
nation is the result of scattering by clouds and suspended particles
in air. Previous reports in literature have tried to understand the
effect of oblique incidence on thin-film modules by simulation
[5] and monitoring of PV systems [6]. Paretta et al. [7] have con-
ducted transmittance measurements in diffuse light for glass top
sheets used in modules. Diffusing materials were also usedand the angle dependence was investigated separately as well.
Concentrators have been used to focus this diffuse irradiance for
BIPV at different angles [9] to improve module output. PV modules
should be characterised under combinations of diffuse and direct
light at different angles of incidence to predict their performance
under variable sky conditions.
In this study, we have explored the use of fabrics to simulate
incidence of diffuse light on thin-film PV laminates in the labora-
tory. Fabrics were chosen for this test because they are a cheap
resource and are available in a variety of weaves and transparen-
cies. The diffusion created by the fabric can be used to test the
PV laminate output. The transmittance distributions of two differ-
ent fabrics were measured with a goniophotometer at different
angles of incidence to understand the scattering of light and the
combination of direct-diffuse transmission achieved by the fabrics.
A layer of each fabric was placed in front of the PV laminate; the
transmission and the short circuit current (Isc) were measured at
0 and 70 incidence. This test was repeated with two configura-
tions – the fabric at a distance of 0 cm from the module and the
fabric at a distance of 10 cm from the module – to determine
whether the diffusion effect achieved was equivalent. The focus
of this investigation was to determine whether the effect of the
fabrics could change with the experimental setup and subse-
quently affect the electrical characterisation of the module. The
results obtained from goniophotometry are complemented with
electrical data of the PV laminate to present the effect of such dif-
fusing materials at different angles.
Fig. 1. Transmitted scatter of the PV laminate for light incident at 0 and 70. BTDF
gives the transmittance per unit solid angle along bs. The sharp transmission peak is
similar to clear glass.
Table 1
Transmittance properties of two fabrics used in this study. Fabric60 has a higher
fraction of direct transmittance at 0 and 70. These values are obtained by










diffuse T at 70
Fabric60 60 1:9 35 1:8
Fabric30 30 1:29 20 1:19
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The measurements were done as two separate sets: angle-
dependent transmission tests with goniophotometer and angle-
dependent electrical characterisation with an I–V tracer. One a-Si
module with a rated power of 42 W at standard testing conditions
and a visible transmittance of 10% was selected for the tests. Sev-
eral white fabrics of different transparencies and weaves were col-
lected for transmittance measurements.
(i) Goniophotometer tests: The goniophotometer is an instru-
ment that measures angle resolved reflectance and transmit-
tance in the whole hemisphere [10]. Scattering of patterned
samples can be quantified at any chosen angle of incidence.
For the measurements, a halogen lamp was used with a sili-
con detector revolving around the sample. The data points
were later used to generate the bidirectional transmittance
distribution function (BTDF), which is the ratio of theFig. 2. Transmitted scatter of (a) fabric30 at 0 and 70 incidence and (b) fabric60 for 0
angles of incidence. Fabric60 has a large lobe with a sharp peak, combining diffuse andamount of light transmitted along a given solid angle (direc-
tion) to the amount of light incident on the sample. The
BTDF data show the diffusion created by the fabric when
the light is transmitted. The cosine corrected BTDF was used
to quantify transmitted scatter along a given scattering
angle bs for a specific incident angle bi.and 70
direct tThe transmittance of several fabrics was measured at 0 inci-
dence with the goniophotometer. Two of those fabrics with a
transmittance of 30% and 60% were selected for the study
denoted ‘‘fabric30” and ‘‘fabric60” respectively. These two
fabrics were chosen due to the magnitudes of transmittance
forming a ratio. Any proportional changes in electrical prop-
erties would be easily noted. The PV laminate was measured
individually with the goniophotometer. The BTDF was quan-
tified at different angles of incidence from 0 to 70 at ten-
degree intervals. The goniophotometer was also used to
measure the transmittance distribution of the PV laminate
together with the fabrics.(ii) Isc test: The second set of tests was done with the PV lami-
nate fully illuminated by a solar simulator lamp at 0 and
70. These two conditions were chosen to represent near-
normal incidence and large angle of incidence. The incident
irradiance was monitored and the short circuit current Isc of
the module was measured for both angles of incidence. The
Isc was also measured with the module covered by two dif-
ferent fabrics. This measurement was used to correlate the
effect of diffuse light at large angles to the electrical output.
Since absorption is almost constant for PV modules, effect of
large incidence angles is often assigned to the reflectance
loss of the top layer of glass. A better understanding of the
mechanisms are provided when the scattering propertiesof incidence. Fabric30 shows no peak and has diffuse transmission at both
ransmission.
Fig. 3. Set up to measure transmittance distribution of PV and fabric together, with
the goniophotometer. The fabric is placed in front of the PV laminate and a light
spot of 3 cm diameter is used.
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incidence angles and correlated to the electrical output at
those angles.
3. Results and discussion
Angle-resolved scattering measurement is an effective method
to study the light diffusion property of materials. The goniopho-
tometer can be used to determine the transmittance along any
scattering angle. This concept has been used here to study the
combination of a thin-film a-Si PV laminate with two different fab-
rics. Fig. 1 shows the transmitted scatter of the thin-film PV lami-
nate only for two different angles of incidence, 0 and 70. The
transmitted scatter was plotted in logarithmic decades as a func-
tion of bs. The figures are polar plots with concentric rings repre-
senting a magnitude of 103 to 103 in the transmission
hemisphere. The distribution is similar to clear glass with a sharp
peak along the regular direction, although the transmittance is
much lower. The goniophotometer plots give the power in the
sharp peak (direct) and power in the lobe (diffuse) that are sepa-Fig. 4. Transmitted scatter of (a) PV laminate with fabric30 and (b) PV laminate with
transmittance. Fabric60 also has lower transmittance along all directions but the distribu
film PV receives a mix of diffuse and direct irradiance as in (b).rated mathematically after the measurement. The figure shows
that most of the transmission is confined to a narrow peak with
negligible diffusion although the measurement was done behind
the PV laminate after two layers of glass and one layer of a-Si
thin-film.
Fig. 2 shows the transmittance distribution for two different
angles of incidence, 0 and 70, for fabric30. The transmission is
similar to a Lambertian distribution and almost identical at both
angles of incidence. This plot shows that most of the transmitted
light is diffused equally along all directions. It converts 95% of
the transmitted light to haze (non-direct or diffuse) at 70 inci-
dence. This fabric can simulate conditions of totally diffuse light.
Fig. 2b shows the transmittance distribution for fabric60. The
transmission is a combination of a direct peak with a large lobe
of diffusion. This fabric converts 88% of the transmitted light to
haze at 70 incidence. This fabric can simulate a mix of diffuse
and direct irradiance. The transmission properties of the two fab-
rics are summarised in Table 1, where T is the hemispherically
integrated transmittance for a given angle of incidence.
Fig. 3 shows the sample configuration for the scattering mea-
surements with goniophotometer for thin-film PV covered with a
fabric for 0 incidence. Fig. 4a shows that when fabric30 was used
to cover the thin-film PV laminate, the overall transmission was
noted to be totally diffuse with no direct peak. When fabric30
and PV laminate were measured together (Fig. 4a), the peak trans-
mission was totally cutoff due to multiple layers of scattering.
However, the transmitted light was also dramatically reduced.
For fabric60 covering the PV laminate, the transmittance distribu-
tion (Fig. 4b) is a combination of the PV and fabric, with a small
peak remaining in the direction of the beam.
Fig. 5 shows the transmittance of PV module with and without
fabric30 at different angles of incidence. The transmittance is low-
ered from 9% to 3% with fabric which accounts for the effect of the
fabric transmittance. Similar results were also seen with fabric60
and the PV laminate.
The results from goniophotometry showing a large lobe of dif-
fusion indicate that use of the fabrics could lead to uniform irradi-
ation over a larger area. As this analysis is based on the incident
light confined to a beam of diameter 3 cm, it would be important
to study the electrical output when the entire module is illumi-
nated with a solar simulator (Fig. 6a). To simulate the effect offabric60 for 0 and 70 of incidence. Fabric30 has a smaller lobe due to reduced
tion remains unchanged. These figures confirm that the intermediate layer of thin-
Fig. 6a. Set up to measure electrical data of PV shaded with fabric. The current was
measured in two configurations (Z = 0 cm and Z = 10 cm). The entire module was
illuminated for measurements at 0 and 70 incidence, with the module rotated
along its vertical axis.
Fig. 5. Transmittance of PV covered with fabrics for 8 incident angles between 0
and 70. When the module is covered with the fabrics, the transmittance is lowered
by 30% for fabric30 and by 60% for fabric60.
Fig. 6b. Isc (A) for PV shaded with fabric for two incidence angles. The current, for 0
and 0 cm, for the module covered with fabric is lower than PV without fabric by a
factor equal to the transmittance of the fabric. In all cases the current measured at
10 cm distance is higher than that measured with fabric at 0 cm distance. The error
bar for 0 incidence is ±9% and the error bar at 70 is ±20%.
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were studied: (a) fabric in contact with module (0 cm distance –
covering configuration), and (b) fabric at a distance (10 cm dis-
tance – shading configuration). The electrical testing was done to
study the variation of Isc for PV modules covered with fabric30
and fabric60 for two incidence angles. Fig. 6b shows the Isc values
measured for 0 and 70 angles of incidence for both covering and
shading configuration.
The data in Fig. 6b show that the Isc value at 0 incidence for PV
without fabric and with fabric (0 cm) are related by the transmit-
tance of the fabric. At a given angle of incidence, it is assumed that
ðIsc;PVÞ  Tfabric ¼ Isc;PVþfabric ð1Þ
This assumption is also supported by Fig. 5, where the transmit-
tance of the PV is lowered by a factor equal to the transmittance of
the fabric when it is covered. The transmittance values can be
obtained from Table 1 to verify Eq. (1). Though this equation isclosely matched by the data in columns 1, 2 and 5 (0 incidence,
0 cm distance) of Fig. 6b, the equation is not applicable when the
fabrics are at 10 cm distance (columns 3, 6). The measured values
are higher. The increase is more significant at 70 incidence. The
values are compared with the calculated value (using Eq. (1)) in
Table 2. For 70 incidence, Isc, PV is 0.18 A, and Tfabric60 is 35%; the
measured value of 0.087 A at 10 cm distance is greater than the
product of 0.18 and 0.35 by 38%.
The effect of angle dependence was compared for PV without
fabrics only. It is already established in literature [11] that
IscðhÞ ¼ Iscð0Þ cos h ð2Þ
According to Eq. (2), the current at 70 should be 0.34 times the
current measured at 0. However the change in incident irradiance
levels from 0 to 70 has an uncertainty of nearly 18% due to the
large spot of the solar simulator and subsequent elliptical broaden-
ing at 70. A pyranometer was used to measure the incident irradi-
ance at the sample. The incident irradiance measured without
fabrics along the centre of the module was approximately
600W/m2 at 0 and 170 W/m2 at 70 incidence. The normalised
current measured at 70 without fabrics agrees with Eq. (2). The
error bars in Fig. 6b are assigned from the combined uncertainty
(RMS = ± 9%) of the goniophotometer (±7%), the I–V tracer (±2%),
the solar simulator [12] lamp (±5%) for 0 incidence. For 70 inci-
dence, an additional uncertainty of ±18% is introduced to correct
for the elliptical light spot; error bar of ±20% is used.
These results show that diffusion can be achieved by fabrics to
test thin-film PV module properties. Further tests are needed to
determine whether a higher component of diffuse transmission
influences the PV laminate more than the overall transmittance.
The current measurement has been repeated for verification. It is
interesting to note that the current generated by a diffusing layer
Table 2
Isc normalised with fabric transmittance for PV with fabric for two incidence angles. The values in column 3 and 6 are an average of three measurements, given with the standard















PV + fabric60 0.396 0.445 ± 0.004 +12 0.063 0.087 ± 0.0 +38
PV + fabric30 0.198 0.219 ± 0.003 +10 0.036 0.048 ± 0.001 +33
Fig. 7. (a) Diffraction pattern of fabric with laser as viewed at a screen. (b) Shadow of fabric created with a narrow torch beam.
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explained by considering the fabrics as an array of apertures. The
fabrics are composed of alternate regions of yarn and pore (aper-
ture). When light is incident on the fabric, there is diffraction of
incident light into the regions of shadow created by the yarn.
The fabrics were subjected to a laser beam and generated a diffrac-
tion pattern resembling a square aperture (Fig. 7a). When the same
fabric was subjected to a narrow beam of white light, alternate
regions of shadow and light are created (Fig. 7b).
The increased current due to the placement of the fabric at
10 cm or beyond is explained with the basic principles of Fraun-
hofer diffraction. Fraunhofer diffraction occurs when the distance






where a is the width of the aperture and k is the wavelength of light.
As a white light source was used, the criterion can be checked with
1000 nm, which covers the range of absorption of the thin-film PV.
Fabric apertures were measured at 60.3 mm. Under this diffraction
condition, 95% of the intensity propagates along the centre of the
aperture. At a distance, Z, the boundary of the central maxima is
at  kZa , [14]. As Z goes from 0.1 cm to 10 cm, this causes the incident
light to penetrate deeper into the shadow regions of the yarn caus-
ing more uniform illumination of the solar cells. This analogy of fab-
rics as uniformly spaced apertures [13] can be used to explain the
increased electrical current at a distance of 10 cm.
These results show that thin-film PV laminates can be charac-
terised in the laboratory under conditions of simulated diffuse irra-
diance. However, the placement of these fabrics with reference to
the PV modules is important to avoid skewing the results. Light
scattering properties of the fabrics should be measured to under-
stand the diffusion conditions created by them. Such methods of
testing would guide the installation of these PV laminates on ver-
tical façades based on local irradiance conditions.4. Conclusions
Two fabrics were measured with a goniophotometer to quantify
the percentage of diffuse and direct transmittance, at 0 and 70incidence. The fabrics were used to simulate diffuse irradiance con-
ditions to characterise a thin-film PV laminate in the laboratory.
The Isc of the module was measured at 0 and 70 incidence. Results
indicate that placing the fabric a few centimetres away from the PV
changes the measured Isc. Goniophotometric data show that differ-
ent combinations of direct and diffuse irradiance can be achieved
with fabrics. Further research in this area can provide information
to design laboratory-testing conditions of diffuse irradiance for PV
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